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PROCEEDINGS OF THE I.R.E.

Field Theory of Traveling-Wave Tubes’

L. J. CHUY, ASSOCIATE, L.R.E., AND J. D. JACKSONT, STUDENT, LR.E.

Summary—The problem of a helix-type traveling-wave amplifier
tube, under certain simplifying assumptions, is solved as a boundary-
value problem. The results indicate that the presence of the beam in
the helix causes the normal mode to break up into three modes with
different propagation characteristics. Over a finite range of electron
velocities one of the three waves has a negative attenuation, and is
thus amplified as it travels along the helix. If the electron velocity is
too high or too low for net energy interaction, all three waves have
purely imaginary propagation constants; no amplification occurs. Con-
sideration of the beam admittance functions shows that, during am-
plification, the electron beam behaves like a generator with negative
conductance, supplying power to the fields through a net loss of kinet-
ic energy by the electrons. Curves are shown for a typical tube, and
the effects of beam current and beam radius are indicated. The initial
conditions are investigated, as are the conditions of signal level and
limiting efficiency. In the Appendix a simple procedure for computing
the attenuation constant is given.

I. INTRODUCTION

plifiers has been carried out by Pierce'? of Bell
Telephone Laboratories and Kompfner® of the
Clarendon Laboratory. In Pierce’s paper,? the action of
the field on the electron beam and the reaction of the
beam back on the field were formulated. A cubic equa-
tion was obtained which yielded three distinct propaga-
tion constants corresponding to the three dominant
modes of propagation. Kompfner followed a different
line of attack and arrived at essentially the same results.
The present analysis follows the procedure which
Hahn*® and Ramo®7 used in dealing with wvelocity-
modulated tubes. The problem of the traveling-wave
tube is idealized, and such approximations are intro-
duced that the field theory can be used throughout to
correlate the important factors in the problem. Numeri-
cal examples are given for a specific tube to illustrate
the effects of various parameters upon the characteris-
tics of the tube.

THE ANALYSIS of traveling-wave tubes as am-

* Decimal classification: R339.2. Original manuscript received by
the Institute, July 30, 1947; revised manuscript received, Decem-
ber 29, 1947. Presented, I.R.E. Electron Tube Conference, Syra-
cuse, N. Y., June, 1947. This work has been supported in part by
the U. S. Army Signal Corps, the Air Matériel Command, and the
Office of Naval Research, and appeared originally as Technical
Report No. 38, April 28, 1947, of the Research Laboratory of Elec-
tronics, M.I.T.
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beam,” Phys. Rev., vol. 56, pp. 276-283; August, 1939.

7 Simon Ramo, “The electron-wave theory of velocity-modulated
tubes,” Proc. I.R.E., vol. 27, pp. 757-763; December, 1939.

In this paper, only the helix-type of traveling-wave
tube will be considered. It consists of a cylindrical
helical coil which, in the absence of an electron beam, is
capable of supporting a wave along the axis of the helix
with a phase velocity substantially less than the light
velocity. When an electron beam is shot through the
helix, the electrons are accelerated or decelerated by the
field of the wave, especially the longitudinal electric
field. As a result, the electrons will be bunched. The
bunched beam travels substantially with the initial
velocity of electrons, which is usually different from the
phase velocity of the wave. Because of the bunching
action, there will be, in time, more electrons decelerated
than those accelerated over any cross section of the helix
or vice versa. As a result, there will be a net transfer of
energy from the electron beam to the wave or from the
wave to the beam. The bunching of the electrons pro-
duces an alternating space-charge force or field which
modifies the field structure of the wave, and conse-
quently its phase velocity. The average energy of the
electron beam must change as it moves along, on ac-
count of the energy transfer. The process is continous,
and a rigorous solution to the problem is probably im-
possible. The procedure of analysis is, therefore, to find
the modes of propagation which can have exponential
variation along the tube in the presence of the electron
beam. We are interested in those modes which will
either disappear or degenerate into the dominant mode
when the beam is removed. By studying the properties
of these modes and combining them properly, we hope
to present a picture of some of the physical aspects of
the helix-type traveling-wave tube.

I1. SoLuTiON OF THE PROBLEM
A. Formulation

In order to obtain some theoretical understanding
about the behavior of the traveling-wave tube, we have
to simplify the problem by making numerous assump-
tions. Instead of a physical helix, we shall use a lossless
helical sheath of radius ¢ and of infinitesimal thick-
ness. The current flow along the sheath is constrained
to a direction which makes a constant angle (90°—§)
with the axis of the helix. The tangential component of
the electric field is zero along the direction of current
flow, and finite and continuous through the sheath along
the direction perpendicular to the current flow. The
force acting on the electrons is restricted to that asso-
ciated with the longitudinal electric field only; and the
electrons are assumed to have no initial transverse mo-
tion. We shall further assume that the electrons are
confined within a cylinder of radius & concentric with
the helical sheath. The time-average beam-current
density is assumed constant over the cross section, the
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On the Interpretation of Neutron-Proton Scattering Data by the Schwinger
Variational Method*
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“a painfully thorough analysis”

Small deviation found, resolved as magnetic dipole interaction
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Condenation of U.S. Weathor Borean forecast:
Partly cloudy and colder
today and tomorrow.

Temperature range today: 42—30.
Temperature tange yesterday: 457357,
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FIVE CFNTS '

BOMB HOAX WAVE

COMPELS POLICE |

10 LIMIT CHECKS

Experts and Equipment Now
Kept in Quarters Unless
a Device Is Found

TESTERS EXPLODE PIPES,

2 Found Capable of Going Off
by Own Mechanisms, but
Third Has No Powder

By ALEXANDER FEINBERG

Bomb scares and hoaxes
reached epidemic proportions
yesterday, Threats and warnings
kept a large part of the Police;
Department rushing from one
“threatened” building to another.

The situation became 50 bad
that in the late afterncon Chiel
of Detectives James B. Leggett
directed the bomb sguad and its
special equipment not to respond
to alarms unless a device was
actually discovered.

False alarms were reported in
many sectlons, Whipped up by
the rccent dcpredat}ons of, and

a 8. &b ... % 5
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Atomic Energy Produced
By New, Simpler_ Method

Coast Scientists Achieve Reaction Without
Uranium or Intense Heat—Practical
Use Hinges on Further Tests

MONTEREY, Calif,, Dac, 28
A third and revolutionary way
to produce a nuclear reaction
\was described here today. It does
not involve uranium, as in the
fission reaction, or million-degree
heat, as in the fusion reaction,

The new process is called

“catalyzed nuclear reaction.™ It
was discovered accidentally a
few weeks ago during rouline
work with the huge atom-2mash-
ing bevatron at the Universitly
of California radlation labore-
Lory.
A team of twelve sclentists
from the university explained the
'process to the American Physi-
cal Bociety here. The team was
‘headed by Dr. Luis W, Alvarez,
lassistant divector of the labora-
tory,

Curiously enough, It was
made not at the laboratory at
Livermore, where sclentisls are
attempting lo control thermo-
nuclear reaction for practical

Sorctad 1o The New Yook Times, "
uses, but at the Berkeley lab-

oratory, which iz devoled to
fundamental research,

Thus far, the new reaction is
little more than a laboratory
curiosity, the scientists said, The
energy it produced came from
the fusion of a few hydrogen
atoms, they explained, and was
scarcely enough to register on
highly sensitive measuring in-
struments,

The process has no commer-
clal value now, though it sug-
gests possible industrial uses of
immeasurable importance, It
may, scientists said, point a way
toward taming the intense heat
of the hydrogen homb to make
it useful for peacetime purpases,

Others in the University of
California group were Dr, Hugh
Bradner, Dr. Frank 8. Craw-
ford Jr., Dr. John A, Crawford,
Dr. Paul Falk-Vairant, Dr.
Myron L. Good, Dr. J. Don Gow,

Continued on Page 6. Colomn 2

Javits and Harriman Ditfer,

DULLES WILL SEE
UN.HEAD MONDAY

Senators Express Doubts
About Granting President
Right to Use Troops

By WILLIAM S. WHITE

Spetial 1o The New York Tieees,

WASHINGTON, Dec, 28—Sec-
retary of State Dulles has ar-
ranged a New Year's Eve con-
ference on the Middie Eastern
situation with Dag Hammar-
skjold, Secretary General of the
United Natlons,

This was announced today co-
incident with indications that
Congress would be skeptical, if
pot ultimately hostile, toward
any appeal from President El-
senbower for authority to” use
United States forces as he might

sea fit to oppose Communist ag-
gression in the Middle East, The
Presidént s understood to be
considering such a request,

The State Department, in dis-
closing that Mr. Dulles would go
to New York Monday to see Mr.
Hammarskjold, observed that the
United States  Government
viewed the “Middle Eastern sit-
uation quite seriously.”

Whita Ouzalifioe Comment

ONMIDEAST CRISIS!

Avcciated Fros adminto

Salvage work under way on the capsized Ezyptian ship Zamalek in the harbor at Suez

Divers Start Work at Southern End of Suez Canal iPE]P[NG’S REG[ME

SCORES TITOISN;
HAILS SOVIET TIES

Official Broadcast Excuses
Stalin’s Errors and Says
the West Perils Peace

BACKS STEPS IN HUNGARY

-

| Both Egyptian and United
Nalions authorities said every-
thing was ready for  com-
mencement of one of the big-
geat salvag2 jobs ever under-

tpken. the removal of about
fifty sunken craft and the

By OSGOOD CARUTHERS |

Specied 10 THe New York Tineos
CAIRO, Deec, 26—Egyptian
divers have begun hacking
away at a sunken vessel block-
ing the channel from the Red
Sea to Suez as a first step in
clearing the southern end of

the Suez Canal, Reports from
Suez said the captains of two
United Nations salvage vessels
still were working on plang for
clearing three hulks from the
mouth of the canal, Actual
work probably will start to-
morrow morning, officials sald.,

Continued on Pago 4, Column 3

'Yugoslavia's Policy Is Called
‘Non-Objective’ in Seeming
Reversal by China Reds

-

By GREG MacGREGOR
Eooal 13 The New Yook Tinex
HONG KONG, Dec, 28—Come-
munist China made clear today
|its allegiance to the Soviet Union
‘and paid unexpected tribute to
({the memory of Stalin
In an official broadcast from
Peiping, the Chinese Commiie
nista renffirmed their approval
of Soviet military aclivities in
(Hungary, denounced “Titoism,"
excused the mistnkes of Slalin

Jand accused the Western democs

racies of being the major threal
W world peace.

The broadeast was a report of
an eunoul rmy session of tho
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Atomic Energy Produced
By New, Simpler Method

Coast Scientists Achieve Reaction Without
Uranium or Intense Heat—Practical
Use Hinges on Further T ests

Special to The New York Times,

MONTERERY, Calif., Dec, 28—
A third and revolutionary way
to produce a nuclear reaction
was described here today. It does
not involve uranium, as in the
fission reaction, or million-degree
heat, as in the fusion reaction.

The new process is called
“catalyzed nuclear reaction.” It

uses, but at the Berxeley lap-
oratory, which is devoted to
fundamental research.

Thus far, the new reaction is
little more than a laboratory
curiosity, the scientists said. The
energy it produced came from
the fusion of a few hydrogen
atoms, they explained, and was

was discovered accidentally a|scarcely enough to register on

few weeks ago during routine
work with the huge atom-smash-
ing bevatron at the University
of California radiation labora-
tory.

A team of twelve scientists
from the university explained the
process to the American Physi-
cal Society here. The team was
headed by Dr. Luis W. Alvarez,

assistant director of the labora-|

tory.

Curiously enough, it
:Livermore, where scientists are
attempting to control thermo-

nuclear reaction for practical

wWas|

‘made not at the laboratory anDr
L .

Myron L. Good, Dr. J, Don Gow,,

highly sensitive measuring in-
struments,

The process has no commer-
cial value now, though it sug-
gests possible industrial uses of
immeasurable importance, It
may, scientists said, point a way
toward taming the intense heat
of the hydrogen bomb to make
it useful for peacetime purposes.

Others in the University of
California group were Dr. Hugh

Bradner, Dr, Frank S. Craw-

ford Jr., Dr. John A. Crawford,
Paul Falk-Vairant, Dr.

Continued on Page 6. Columnzi



Atomic Energy Produced
By New, Simpler Method

Coast Scientists Achieve Reaction Without

Uranium or Intens
Use Hinges on

e Heat—Practical
Further Tests

Special to The New York Times,

MONTERERY, Calif., Dec, 28—
A third and revolutionary way
to produce a nuclear reaction
was described here today. It does
not involve uranium, as in the
fission reaction, or million-degree
heat, as in the fusion reaction.

The new process is called
“catalyzed nuclear reaction.” It
was discovered accidentally a
few weeks ago during routine
work with the huge atom-smash-
ing bevatron at the University
of California radiation labora-
tory.

A team of twelve scientists
from the university explained the
process to the American Physi-
cal Society here. The team was

headed by Dr. Luis W. Alvarez,;
assistant director of the labora-

tory.

Curiously enough, it was
made not at the laboratory at
Livermore, where scientists are
attempting to control thermo-

'Dr. Paul

uses, but at the Berxeley lap-
oratory, which is devoted to
fundamental research. -

Thus far, the new reaction is
little more than a laboratory
curiosity, the scientists said. The
energy it produced came from
the fusion of a few hydrogen
atoms, they explained, and was
scarcely enough to register on
highly sensitive measuring in-
struments,

The process has no commer-
cial value now, though it sug-
gests possible industrial uses of
immeasurable importance, It
may, scientists said, point a way
toward taming the intense heat
of the hydrogen bomb to make
it useful for peacetime purposes.
- Others in the University of
California group were Dr. Hugh
Bradner, Dr, Frank 8. Craw-
ford Jr., Dr. John A, Crawford,

Falk-Vairant, Dr.
Myron L. Good, Dr. J. Don Gow,

nuclear reaction for practical

Continued on Page 6. Columnzi

to make a nuclear reaction (a re-.
‘action to produce atomic energy)

Cold Fusion of Hydrogen Atoms

Discovery of a revolutionary way
to fuse nuclei of hydrogen atoms
without the multi-million-degree
temperature required in the thermo-
nuclear hydrogen fusion process
was announced Friday at the
winter meeting of the American
Physical Society at Monterey, Calif,,
by a team of twelve scientists at
the University of California headed
by Prof, Luis W. Alvarez.

The discovery, it was pointed out,
is at present of pure scientific in-
terest only, as the process can now
be used only on a very small scale.
However, the observation is of great
scientific importance and may
eventually lead to a practical and
economical method for producing
enormous amounts of atomic en-
ergy by the process of ‘“cold fusion”
of hydrogen nuclei,

A Fourth Method

The new phenomenon is described
as a ‘'‘catalyzed nuclear reaction.”
This adds a new and fourth way

take place,

One of the older ways is to in-

duce a thermonuclear reaction, in

which two nuclei of light elements,
particularly hydrogen, are fused
into a heavier element when the
temperature is raised to about 100,-

000,000 degrees Centigrade, (This
is the fusion reaction that takes
place in the hydrogen bomb.) Tha
second method is that of fission,
the splitting of a heavy element
sitch as uranium, hy necutrons, into
two lighter elements (the method
used in the atomic bomb and in
atomic power plants), The third
method is to hombard an element
with nuclear particles {ired from
accelerators like the cyclotron.

Pulling Together

Basically, the new discovery s
that a nuclear particle known as
the negative mmu meson, which has
an atomic mass 210 times that of
an electron, can pull together the
nuclei of a light hydrogen atom and
a heavy hydrogen atom and make
them fuse into an atom of helium,
This fusion can take place at any
temperature. And such ‘cold fu-
sion,” like the thremonnuclear fu-
sion in the hydrogen bhomb and In
the sun and hot stars, releases enore-
mous amounts of energy, twice as
much as that released in the fission
of uraninm,

The difficulty that at  present
stands in the wayv of utilizing this
“cold fusion” reaction on a prac-
tical scale 1s the extremely short
life, as well as the scarcity, of the
Nl mMesons, W. L. L.
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http://dx.doi.org/10.1103/PhysRev.105.1127

PHYSICAL REVIEW

VOLUME 106,

APRIL 15, 1957

NUMBER 2

Catalysis of Nuclear Reactions between Hydrogen Isotopes by y— Mesons

J. D. Jackson*®
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received January 10, 1957; revised manuscript received February 4, 1957)

The mechanism by which negative u mesons catalyze nuclear
reactions between hydrogen isotopes is studied in detail. The
reaction rate for the process (p+4d+p —He+u +35.5 Mev),
observed recently by Alvarez ef al., is calculated and found to be
in accord with the available data. The g~ meson binds two
hydrogen nuclei together in the u-mesonic analog of the ordinary
H,* molecular ion. In their vibrational motion the nuclei have a
- finite, although small, probability of penetrating the Coulomb
barrier to zero separation where they may undergo a nuclear
reaction. The intrinsic reaction rates for other, more probable,
reactions are also estimated. The results are ~0.3X10¢ sec™ for
the observed p—d reaction, ~0.7 X 10" sec™ for the d —d reaction,
and ~0.4X108 sec™? for the d—¢ reaction. For the reaction
observed by Alvarez rough estimates are made of the partial

widths for nonradiative and radiative decay of the excited He3
nucleus. The ejection of the u~ meson by “internal conversion”
seems somewhat less likely. Speculations are made on the release
of useful amounts of nuclear energy by these catalyzed reactions.
The governing factors are not the intrinsic reaction rate once the
molecule is formed, but rather the time spent (~1078 sec) by the
r~ meson between the breakup of one molecule and the formation
of another and the loss of 4~ mesonsin “dead-end” processes. These
factors are such that practical power productionisunlikely. Inliquid
deuterium, each u~ meson will catalyze only ~10 reactions in its
lifetime, while for the d—¢ process it will induce ~100 disinte-
grations. A longer lived particle will not be able to catalyze
appreciably more reactions. |


http://journals.aps.org/pr/pdf/10.1103/PhysRev.106.330

PHYSICAL REVIEW

VOLUME 106, NUMBER 2

APRIL 15, 1957

Catalysis of Nuclear Reactions between Hydrogen Isotopes by y— Mesons

J. D. Jackson*®
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received January 10, 1957; revised manuscript received February 4, 1957)

The mechanism by which negative u mesons catalyze nuclear
reactions between hydrogen isotopes is studied in detail. The
reaction rate for the process (p+4d+p —He+u +35.5 Mev),
observed recently by Alvarez ef al., is calculated and found to be
in accord with the available data. The g~ meson binds two
hydrogen nuclei together in the u-mesonic analog of the ordinary
H,* molecular ion. In their vibrational motion the nuclei have a
- finite, although small, probability of penetrating the Coulomb
barrier to zero separation where they may undergo a nuclear
reaction. The intrinsic reaction rates for other, more probable,
reactions are also estimated. The results are ~0.3X10¢ sec™ for
the observed p—d reaction, ~0.7 X 10" sec™ for the d —d reaction,
and ~0.4X108 sec™? for the d—¢ reaction. For the reaction
observed by Alvarez rough estimates are made of the partial

widths for nonradiative and radiative decay of the excited He3
nucleus. The ejection of the u~ meson by “internal conversion”
seems somewhat less likely. Speculations are made on the release
of useful amounts of nuclear energy by these catalyzed reactions.
The governing factors are not the intrinsic reaction rate once the
molecule is formed, but rather the time spent (~1078 sec) by the
r~ meson between the breakup of one molecule and the formation
of another and the loss of 4~ mesonsin “dead-end” processes. These
factors are such that practical power productionisunlikely. Inliquid
deuterium, each u~ meson will catalyze only ~10 reactions in its
lifetime, while for the d—¢ process it will induce ~100 disinte-
grations. A longer lived particle will not be able to catalyze
appreciably more reactions. |
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From Alexander of Aphrodisias to Young and Airy

J.D. Jackson

University of California, Berkeley, CA, USA and Lawrence Berkeley National Laboratory, University of Berkeley,
Berkeley, CA, 94720, USA

Abstract

A didactic discussion of the physics of rainbows is presented, with some emphasis on the history, especially
the contributions of Thomas Young nearly 200 years ago. We begin with the simple geometrical optics of
Descartes and Newton, including the reasons for Alexander’s dark band between the main and secondary
bows. We then show how dispersion produces the familiar colorful spectacle. Interference between waves
emerging at the same angle, but traveling different optical paths within the water drops, accounts for the
existence of distinct supernumerary rainbows under the right conditions (small drops, uniform in size).
Young’s and Airy’s contributions are given their due. © 1999 Elsevier Science B.V. All rights reserved.

PACS: 01.30.Rr; 42.15.Dp; 42.25.Fx; 42.68.Ge

‘This pedagogical piece on rainbows is dedicated to Lev B. Okun, colleague and friend, on his 70th
birthday. On an extended visit to Berkeley in 1990, Lev saw on my office wall a picture of a double
rainbow with at least three supernumerary bows visible inside the main bow. As part of my “lecture” on
the photograph, I showed Lev a copy of these 1987 handwritten notes prepared for a class. He said, “Are
these published somewhere?” My answer was no, but now they are, in augmented form. Lev is an
amazing man, a physicist-mensch — a brilliant researcher, mentor, and warm human being. I have
a vivid memory of a wonderful trip to Yosemite National Park with an allegedly ailing Lev. In the early
morning hours, we found Lev outside our tent in Curry Village perched on a sloping rock doing vigorous
calisthenics! Lev, may you have Many Happy Returns!

The rainbow has fascinated since ancient times. Aristotle offered an explanation (not correct), as
did clerics and scholars through the ages. Newton and Descartes established the elementary theory,
according to what e now know as geometrical optics. But long before Newton and Descartes, as
early as the 13th century, the puzzling occasional phenomenon of supernumerary rainbows was
noted. These “aberrations” were inexplicable in terms of geometrical optics. It was not until the
beginning of the 19th century that Thomas Young, promoting the wave theory of light against
acolytes of Newton, offered the correct explanation of the supernumeraries as results of interfer-
ence. Airy put the theory on a firm mathematical footing in 1836. A scholarly treatment of the

0370-1573/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
PII: S0370-1573(99)00088-5
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Fig. 4. Sketches to accompany the text.

At the rainbow angle,

do 2 |4 —n?
<@>xo T2 —1 ®)

For n =4/3, d0/dn|,, = 2.536. With An = 1.3 x 10" 2, we find Af, = 3.3 x 10~ 2 radians = 1.89°.
The colors of the rainbow are spread over about 2° out of the 42° away from the anti-solar
point (180° — 138°). Since dn/dA < 0, the red light emerges at a smaller angle than the violet.
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Possible Tests of Time Reversal Invariance in Beta Decay

J. D. Jackson,* S. B. TREmMAN, AND H. W. WyLD, Jr.
Palmer Physical Laboratory, Princeton Universily, Princeton, New Jersey

(Received January 28, 1957)

Noninvariance under space reflection and charge conjugation
has now been established for beta decay processes. Invariance
under time reversal remains an open question, however. We discuss
here several possible tests for the validity of this symmetry
operation. General expressions are given for the distribution func-
tion in three experimental situations, which have the possibility of
detecting terms in allowed beta decay that are not invariant under
time reversal: (a) experiments in which the nuclei are oriented and
electron and neutrino momenta are measured; (b) experiments in
which the nuclei are not oriented, but the recoil momentum and
electron momentum and polarization are observed; (c) experi-
ments in which the nuclei are oriented and the electron momentum
and polarization are measured. The distribution functions obtained

omit Coulomb distortion effects and relativistic corrections for the
nucleons, but are otherwise complete. Such experiments should
permit, in addition to the detection of terms which are not in-
variant under time reversal, the beginnings of a determination of
the ten complex coupling constants which now characterize beta
decay. An additional, somewhat surprising, result is found. If the
two-component neutrino theory of Lee and Yang is correct, and if
certain perhaps reasonable assumptions concerning the relative
magnitudes of the various coupling constants are valid, then the
longitudinal polarization of electrons in allowed beta decay even
from unoriented nuclei should be almost complete (specifically,
equal to v/c).

PHYSICAL REVIEW C 86, 035505 (2012)
o
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Search for a T-odd, P-even triple correlation in neutron decay

T. E. Chupp,' R. L. Cooper,' K. P. Coulter,' S. J. Freedman,” B. K. Fujikawa,” A. Garcia,”* G. L. Jones,” H. P. Mumm,°
J. S. Nico,° A. K. Thompson,® C. A. Trull,” F. E. Wietfeldt,” and J. F. Wilkerson>*”
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P violation (largely) compensated by C violation (to respect CPT):
example of muon decay

T violation in K decay (CPLEAR / KTeV with plausible assumptions)
and established cleanly in entangled B decays (BaBar)
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Peripheral model with absorption, t-channel frame, density matrix
Mountains!
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DECAYS OF NEUTRAL PSEUDOSCALAR MESONS INTO LEPTON PAIRS*

C. Quigg

Lawrence Radlation Laboratory
University of California
Berkeley, California

and

J. D. Jackson

Department of Physics and Lawrence Radiation Laboratory
University of California, Berkeley, California

eptember 2, 1568 Value of “service work”
Unpublished papers are honorable
ABSTRACT My first unitarity bound

Incentive to become (metric) bilingual

We calculate the branching ratio I'(P —>z+£“)/P(P - 7Yy) to

lowest contributing order in quantum electrodynamics, with a vector

meson model for the pseudoscalar meson form factor. We treat the

- + - 4+ =
processes T]——>|.L+p."; T]—->e+e"; Kg-eu+p.; Kg—eee; T —€ € .

Our results are compared with those of previous calculations.
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Use of Dipole Sum Rules to Estimate Upper and Lower Bounds for Radiative and Total Widths
of x(3414), x(3508), and x(3552)*

J. D. Jackson
Department of Physics and Lawvence Bevkeley Laboratory, University of California, Bevkeley, Califovnia 94720
(Received 18 August 1976)

Upper and lower bounds on the widths for x; —~ v (3095) can be estimated by assuming
E1 transitions and approximate Russell-Saunders coupling for the cc system. Experi-
mental widths for ¢ (3684) —~ vx; make the lower bound more restrictive, giving radiative
widths of 160— 240, 230 400, and 280— 480 keV for 3414-, 3508-, and 3552-MeV states,
respectively. Cascade branching ratio data permit estimation of the total widths as

>1.6, 0.3-1.5, and 0.6—4 MeV, respectively.

In the spectroscopy of new particle states un-
covered in e *e” annihilation it is now rather
clearly established that the three states'™® gener-
ically labeled as y have J¥¢=0%" 1** 2** for the
3414-  3508-, and 3552-MeV states, respective-
ly.* The spin and parity values and ordering of
these states are just what is expected of the trip-
let p states in any gq bound-state model that par-
allels positronium.°® The x states are formed by
the radiative decay ¢(3684) —yx. They are ob-
served to decay into hadrons and also, for the J
=1 and J=2 (and marginally for the J=0) via the
two-photon cascade, ¢(3684) —y,x —y,4(3095),
Recently, branching ratios have been reported
for the ¢(3684) - yx, transitions™® and also prod-
ucts of branching ratios for the cascade transi-
tions.®”!® These are summarized in Fig. 1.

The view that these states are describable to a
good approximation by a nonrelativistic potential
model, with v?2/c? corrections, receives increas-
ing support from the data.® I adopt this picture
here. In the Russell-Saunders limit (J*, J,, L2
and S? diagonal) the states have the designations
shown in Fig, 1. The details of the binding poten-
tial need not concern us, but I make the assump-
tion from the outset that tensor forces, relativis-
tic effects, coupled channel effects, etc. are un-
important enough that they do not vitiate my use

FIG. 1. (Top) Observed radiative transitions through
the x states. For the first transitions the numbers are
branching ratios (Ref. 7; for the J =0 final state the
second number is from Ref, 8). For the second step
the numbers are the products of the branching ratios
(Refs. 8 and 10). (Bottom) Schematic diagram showing
the transitions involved in the second sum rule, used
to set lower limits on the radiative widths,

1107

Thomas—Reiche-Kuhn: 2p) . w;i|(7 i) = 3

Kirkwood-Wigner: 2u>" wys.2p|[(nS|r|2P)|* = —1
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